In this paper we consider gauge invariant nonminimal couplings of the vector and axial vector components of the torsion tensor to the Standard model fermions and abelian gauge fields. We then determine the constraints on the unknown parameters of the torsion action from its contribution to the muon anomaly. The bounds on the torsion mass and coupling obtained from muon anomaly are finally compared with direct bounds obtained from high energy collider experiments.
Introduction
The Standard Model (SM) has been extremely successful in explaining the results of all experiments both at low and high energies. Inspite of this phenomenal success most phenomenologists think that the SM is at best an effective field theory valid in a restricted energy range since it does not include quantum gravity. On the other hand many theorists believe that the ultimate and fundamental theory of nature will be provided someday by string theory since the low energy effective Lagrangian of closed strings reproduces quantum gravity.
The low energy effective action of closed strings predicts along with the a massless graviton a massless antisymmetric second rank tensor field B αβ ( Kalb-Ramond tensor) which enters the action via its antisymmetrised derivative H αβγ = ∂ [α B βγ] [1] . H αβγ is referred to as the torsion field strength. Since torsion is predicted by string theory it is quite interesting to investigate what observable and phenomenological effects torsion can produce. Some phenomenological effects of both heavy (nonpropagating) and dynamical (propagating) torsion have been already considered [2] and the bounds on the free parameters of torsion action (torsion mass and couplings) have been derived. In this paper we shall study the effects of the trace and pseudotrace components of the torsion tensor on the muon anomalous magnetic moment and determine the bounds on the torsion mass as a function of the torsion couplings that follow from this measurement.
Torsion couplings to SM fermions and U(1) gauge bosons
In dealing with quantum theory on curved space times with torsion the metric g µν and the torsion tensor T α βγ should be considered as independent dynamical variables. In this paper we shall consider the observable consequences of torsion only and therefore we shall set the metric to be flat Minkowskian everywhere. The torsion field T α βγ is defined in terms of the nonsymmetric connectionΓ
For convenience the torsion tensor T α βγ can be divided into three irreducible components [2] : Trace T β = T α βα ; Pseudotrace S ν = η αβµν T αβµ and the third rank tensor q αβγ which satisfies the conditions q α βα = 0 and ǫ αβµν q αβµ = 0.
In the low energy string action the completely antisymmetric torsion appears only through the pseudovector S µ . Further from the point of view of string theory both the mass and couplings of the torsion field to SM particles can be determined in terms of a single parameter namely the Planck mass. However in this paper we shall take a phenomenological view and assume that both T µ and S µ appear as light dynamical fields in the torsion action and that their masses and couplings are a priori unknown. We shall assume the following gauge invariant nonminimal interactions of T µ and S µ with the SM fermions and abelian gauge fields [3] 
where
Here
The components of the torsion tensor T µ and S µ are assumed to be invariant under the relevant gauge transformation (U(1) Q ).
The free part of the torsion action S 0 has been shown [2] to be both necessary and correct for the resulting quantum theory to be unitary and renormalizable.
For the above torsion action there are four Feynman diagrams that could give rise to the anomalous magnetic moment of the muon. The first two diagrams (Fig 1a and Fig1b) arise from S and T exchanges with the photon attached to the muon line. The third and fourth diagrams (Fig 1c and Fig 1d) require the simultaneous presence of both S and T with the photon attached to the junction of S and T. Note that the last two diagrams resemble the triple gauge boson vertex contribution to muon anomaly. Evaluating the contribution of each diagram to the muon anomaly separately we find that
and
Here m is the muon mass,
T and M S , M T are the torsion masses. e is usual QED coupling. Λ is an ultraviolet momentum cut off beyond which the low energy effective action for torsion assumed by us breaks down. a S and a T are the muon anomaly contributions due to S and T exchanges respectively. a ST and a T S are the muon anomaly contributions of the third and fourth Feynman diagrams. In arriving at the above results we have assumed that m 2 M 2 << 1 and
M 2 << 1 where M is a generic mass for the trosion field. Note that although a T and a S are independent of the cut off, a ST and a T S are both logarithmically divergent. Following the usual naive dimension analysis [4] . estimate we shall set Λ to be equal to 4πmax(M S , M T ). It is clear that only a ST and a T S will be somewhat sensitive to this choice of cut off Λ. Nevertheless it is quite remarkable that the muon anomaly contribution arising from the torsion action assumed by us is free from uncalculable powerlike ultraviolet divergences. We note that η S , η T and η ST must all be nonzero for a ST and a T S to contribute. Further although the sign of a S and a T do not depend on the signs of η S and η T , the sign of a ST and a T S depend on the relative signs of torsion couplings.
The precision measurement of muon anomaly currently constitutes one of the most stringent tests for new physics, particularly in the light of the recent and the future promised results from E821 experiment at BNL [5] . The E821 collaboration has reported a new improved measurement of the muon anoamly. The experimental value of the muon anomaly according to the latest measurement is a µ exp = (11659204(7)(4)) × 10 −10 [6] . The SM prediction according to the latest and improved calculation of a µ hadron is a µ SM = (11659176 ± 6.7) × 10 −10 [7] . The recent experimental value of the muon anomaly therefore differs from the SM prediction by δa µ = (28 ± 10.5) × 10 −10 i.e. by 2.6 σ. The BNL collaboration is expected to reach a precision of 4×10 −10 ultimately during its final stage of operation. In the following we shall set bounds on the torsion parameters from the present discrepancy between the experimental and theoretical values of muon anomaly.
We shall also study the constraints that one can expect to get with the ultimate future precision of the E821 collaboration.
Instead of keeping all the five unknown parameters (η S , η T , η ST , M S , M T ) in our analysis we shall consider the following two cases.
Case 1: η ST = 0 but η S = 0 and η T = 0. In this case a ST and a T S do not contribute to the muon anomaly. The muon anomaly contribution due to torsion then becomes
As a further simplification we shall set η T = η S = η. The constraints on the common torsion coupling η and torsion mass parameters M S and M T obtained from the present discrepancy and the ultimate future precision have been shown in Fig 3a and Fig 3b respectively.
Alternatively we can set
and study the muon anomaly constraint in the Λ S , Λ T plane. This is equivalent to studying the constraints on torsion masses in the strong coupling limit. The constraints arising from this study have been shown in Fig   4. The region denoted by R 1 is allowed by the present discrepancy and that denoted by R 2 is allowed by the ultimate future precision. Note that for the same value of Λ S , the present discrepancy (R1) allows smaller values of Λ T than the ultimate future precision (R2).
Case 2: η S , η T and η ST are all non zero. To put the third and fourth diagrams on the same footing with the first and second diagrams we shall set η ST = −e. Further to simplify the numerical analysis we shall introduce a common torsion mass M and a common torsion-fermion coupling η where M = M S = M T and η = η S = η T . The expression for torsion mediated muon anomaly then becomes
The constraints on the common torsion mass and torsion-fermion coupling η arising from the present discrepancy between theory and experiment and the ultimate future precision are shown in Fig 5. The region R1 is allowed by the present discrepancy and the region R2 is allowed by the ultimate future precision.
How does the bound on the torsion parameters determined from muon anomaly compare with the bounds obtained from collider data?. From LEP 1.5 data on e + e − → e + e − (µ + µ − ) one gets a bound of 500 GeV [2] on torsion mass for η S = 1. On the other hand the latest tevatron data on dijet production gives a bound of 800 GeV [2] on M for η S = η = 1 [Fig 2] . Our analysis shows that the bounds on torsion parameters obtained from muon anomaly are almost comparable with those obtained from collider data. Finally the torsion-fermion couplings and the torsion-gauge boson couplings assumed in this paper will also contribute to the Lamb shift which has also been measured to very high precision. It will be interesting to determine the bounds on the parameters of torsion action from the later effect as well. The region R1 is allowed by the recent discrepancy and the region R2 is allowed by the ultimate future precision.
